. Diabetes and hypertension both produce myocardial dysfunction that accelerates cardiovascular morbidity and mortality. Coexistence of the two often results in a more severe cardiomyopathy than either process alone. The purpose of this study was to characterize the contractile function of diabetic hypertensive cardiomyopathy at the single myocyte level. Adult spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto (WKY) rats were made diabetic with a single injection (55 mg/kg) of streptozotocin (STZ). Contractile properties of ventricular myocytes were evaluated, including peak shortening (PS), time-to-peak shortening (TPS), time-to-90% relengthening (TR 90 ) and maximal velocities of shortening/relengthening (±dL/dt). The experimental animals exhibited enlarged heart size, elevated blood glucose and systolic blood pressure. PS was unchanged (SHR), enhanced (WKY-STZ) or depressed (SHR-STZ) compared to control (WKY). Myocytes from all experimental groups displayed prolonged TPS and TR 90 compared to the WKY group, although only those from the hypertensive groups (SHR, SHR-STZ) were associated with reduced ±dL/dt. Additionally, myocytes from the WKY-STZ but not the SHR or the SHR-STZ groups exhibited impaired responsiveness to increased extracellular Ca 2+ . Myocytes from the SHR-STZ group displayed a leftward shift of the stimulus frequency-peak shortening response curve compared to the WKY group. These results confirmed observations at the multicellular levels that combination of diabetes and hypertension results in a greater impairment of cardiac contractile function than is seen with either disease alone. Diastolic dysfunction is the most prominent defect Introduction of diabetic cardiomyopathy, and is manifested by decreased compliance, prolonged myocardial reDiabetes and hypertension are major risk factors leading to increased cardiovascular mortality and laxation and altered intracellular Ca 2+ homeostasis. 3,[5][6][7] On the other hand, hypertensive, or morbidity.
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1,2 Accumulating evidence has demonstrated the existence of independent and specific hypertrophic cardiomyopathy, is characterized by myocardial hypertrophy, disorganization of cardiac cardiomyopathies associated with both diabetes and hypertension. Diabetic cardiomyopathy, a myomyocytes and myofibrils. 8 Hypertrophic cardiomyopathy also exhibits abnormalities in diastolic pathic state independent of macrovascular complications, is the leading cause of death in diabetes. 0022-2828/01/091719+08 $35.00/0  2001 Academic Press rate of rapid filling and increased left ventricular WKY and SHR rats were selected in parallel with the STZ-treated rats. The diabetic state was assessed stiffness. [8] [9] [10] [11] Clinical and experimental evidence has suggested that although hypertrophic cardioby measurement of the glucose concentration in serum samples collected at the time of heart remyopathy is a direct result of elevated blood pressure, it may also be associated with insulin moval. Serum was separated by low speed centrifugation and stored at −20°C for analysis of resistance, hyperinsulinemia, and altered adrenergic responsiveness. [12] [13] [14] glucose with a glucose monitor (Accu-ChekII, model 792, Boehringer Mannheim Diagnostics, InHypertension aggravates the cardiovascular complications associated with diabetes and vice dianapolis, IN, USA). Systolic blood pressure was measured weekly using a semi-automated, ampversa. Concurrence of the two disorders results in more devastating structural and functional cardiac lified tail-cuff device (IITC Inc., Woodland Hills, CA, USA). impairments than are caused by either disease alone, and often leads to premature congestive heart failure, sudden cardiac death, and acute myocardial infarction.
1,2,9,15 It has been postulated that the Cell isolation procedures structural myocardial damage in concurrent diabetes and hypertension may be attributed primarily Single ventricular myocytes were enzymatically isolated from the hearts using the method described to hypertension whereas the myocellular dysfunction primarily to diabetes. 9 The combination of previously. 7 Briefly, hearts were rapidly removed and perfused (at 37°C) with Krebs-Henseleit (KHB) diabetes and hypertension impairs the myocardial contractile function synergistically, and leads to buffer containing (in m): 118 NaCl, 4. -free KHB buffer have so far been limited to the whole heart and multicellular tissue levels. In an attempt to charfor 2-3 min until spontaneous contractions ceased followed by a 20 min perfusion with Ca
2+
-free KHB acterize the association between the two myopathic states at the cellular level, we examined the cardiac containing 223 U/ml collagenase (Worthington Biochemical Corp., Freehold, NJ, USA) and 0.1 mg/ contractile function in ventricular myocytes from diabetic, spontaneously hypertensive rats. The diaml hyaluronidase (Sigma Chemical, St Louis, MO, USA). After perfusion, ventricles were removed and betic hypertensive rat is characterized by myocardial hypertrophy and fibrosis, microvascular minced, under sterile conditions, and incubated with the calcium-free KHB with collagenase sopathology, pulmonary congestion, a high mortality, and has proven to be a new experimental model lution for 3-5 min. The cells were further digested with 0.02 mg/ml trypsin (Sigma) before being provoking myocardial and vascular deterioration similar to that seen in humans. 16, 19, 20 filtered through a nylon mesh (300 m) and subsequently separated from the collagenase-trypsin solution by centrifugation (60×g for 30 s). Myocytes were resuspended in a sterile-filtered, Ca 2+ -free Tyrode's buffer containing (in m): 131 NaCl, but significantly enhanced by diabetes. Interestingly, interaction of diabetes and hypertension X-70) and superfused (>1 ml/min at 37°C) with a buffer containing (in m): 131 NaCl, 4 KCl, 1 significantly reduced PS. Myocytes under sustained hypertension (SHR) demonstrated significantly proCaCl 2 , 1 MgCl 2 , 10 glucose, 10 HEPES, at pH 7.4. The cells were field stimulated with suprathreshold longed time-to-90% relengthening (TR 90 ), associated with normal time-to-peak shortening voltage and at a frequency of 0.5 Hz, 3 ms duration, using a pair of platinum wires placed on opposite (TPS), compared to its WKY counterparts. Sustained diabetes (WKY-STZ and SHR-STZ) significantly prosides of the chamber connected to a FHC stimulator (Brunswick, NE, USA). The polarity of stimulatory longed both TPS and TR 90 (Fig. 1) . Lastly, the maximal velocities of shortening (+dL/dt) and reelectrodes was reversed frequently to avoid possible build-up of the electrolyte by-products. The myocyte lengthening (−dL/dt) were significantly reduced in both hypertensive groups (SHR and SHR-STZ). being studied was displayed on the computer using an IonOptix MyoCam camera, which rapidly scans Diabetes alone exerted no effect on ±dL/dt (Fig.  2 ). These data suggest that concomitant diabetes the image area at every 8.3 ms such that the amplitude and velocity of shortening/relengthening and hypertension is capable of eliciting an additive effect on certain (such as PS) but not all cardiac is recorded with good fidelity. The soft-edge software (IonOptix) was used to capture changes in cell contractile parameters compared to either disease alone. length during shortening and relengthening.
Materials and Methods

Effect of extracellular Ca 2+ on myocyte shortening Statistical analyses
The effect of extracellular Ca 2+ on myocyte shortFor each experimental series, data are presented as ening was examined and is shown in Figure 3 . These data may suggest a possible alteration in myocyte
Results
responsiveness to Ca 2+ in diabetes, which has been reported previously in both chemically-induced and General features of experimental animals genetically-predisposed diabetic models.
7,21
Interestingly, coexistence of hypertension abolished The diabetic animals (WKY-STZ and SHR-STZ) exthe diminished myocyte responsiveness to Ca 2+ seen hibited significantly lower body weights and higher in diabetes, as the SHR-STZ group exhibited a serum glucose levels compared to the age-matched normal Ca 2+ responsiveness. non-diabetic animals (WKY and SHR). Hypertensive animals (SHR and SHR-STZ) displayed elevated blood pressure, as expected. Although the Effect of stimulation frequency on myocyte shortening absolute heart weights were comparable among all the groups, the heart/body weight ratio was Rat hearts normally contract at very high fresignificantly elevated in hypertensive, diabetic and quencies (300 beat/min), whereas our baseline diabetic hypertensive groups. SHR rats showed restudies were conducted at 0.5 Hz. To look for posduced liver size whereas SHR-STZ animals exhibited sible derangement of cardiac E-C coupling at higher renal hypertrophy (Table 1) .
frequencies, we increased the stimulating frequency up to 5 Hz (300 beat/min) and recorded the steadystate peak shortening. Cells were initially stimulated to contract at 0.5 Hz for 5 min to ensure steadyCell shortening and relengthening in cardiac myocytes state before commencing the frequency study. All the recordings were normalized to PS at 0.1 Hz Sustained diabetes and hypertension, or both, did not affect cell length (CL). The peak shortening of the same myocyte. Figure 4 shows a negative cardiomyopathy, which paradoxically exhibits significant similarities to diabetic cardiomyoDiscussion pathy. 10, 11, 29 Changes in gene expression and contractile proteins are believed to play an important This is the first study exhibiting that ventricular role in the pathogenesis of hypertrophic cardiodysfunctions in diabetic hypertension stem from myopathy. 8 Early hypertrophic responses in hyperdistinct cellular and mechanical defects not attension include a transient expression of prototributed to either disease alone. The mechanical oncogene products that regulate cardiac growth sequelae of the combined disorder suggests an adand differentiation as well as a shift in the major ditive effect in certain (e.g. peak myocyte shortening form of contractile proteins such as from -toand peak shortening-frequency response) but not all myosin heavy chain protein. 12 Late hypertrophic cell mechanical indices (e.g. duration of shortening responses such as marked increases in collagen and and relengthening). In our study, the STZ-treated transforming growth factor-1 levels can often be rats showed typical signs of diabetes such as moddetected, indicating that expression of specific extraerate hyperglycemia, weight loss, discolored fur, cellular matrix genes may contribute to fibrosis and erythema and cardiac hypertrophy. STZ did not impaired function. 14 However, how these hyperaffect the blood pressure although conflicting obtrophic responses induce somewhat similar mechservations have been reported. [22] [23] [24] On the other anical defects that are often seen in diabetes is hand, the SHR rats displayed the expected hyperessentially unknown. tension and euglycemia. Cardiac hypertrophy was Results from our current study revealed that seen in WKY-, SHR-and SHR-STZ animals, almyocyte shortening amplitude (PS) is unchanged in though hepatomegaly and enlarged kidney were hypertension and enhanced in diabetes, consistent only found to be significant in the diabetic hyperwith our previous findings. 5,10,11 The most important tensive animals. It is worthy to point out that the finding here is that diabetes and hypertension, elevation in the organ sizes may be due to the synergistically depressed PS compared to either disreduced body weight gain, which is well charease alone. This is consistent to findings at the acterized in both diabetes 5 and hypertension.
11 multicellular level, 16, 30 and may be related to the Overt cardiac mechanical abnormalities have interaction of diabetes and hypertension on cardiac been specially attributed to either diabetes or hyperexcitation-contraction (E-C) coupling such as intracellular Ca 2+ handling/contractile proteins. The tension, characterized as diabetic cardiomyopathy Figure 4 also response (normal in diabetes but depressed under hypertension and diabetic hypertension). The supported the notion of a synergistic response on PS in diabetic hypertensive cardiomyopathy. Furdiminished myocyte contractile response to increased stimulating frequency in concomitant thermore, the maximal rate of shortening and relengthening (±dL/dt) often indicative of PS diabetes and hypertension, which does not exist in either disease alone, may indicate a much slower amplitude, also exhibited a trend of an additive 
PS-frequency relationship presented in
creases in extracellular Ca
2+ concentration is clearly diminished in the WKY-STZ group compared replenishing process of the intracellular Ca 2+ pool or significantly smaller pool size under diabetic to any other group. The normal Ca 2+ responsiveness in SHR-STZ group may be a result of the comhypertension. Nevertheless, the exact mechanism responsible for this synergism is largely unknown pensated effect from hypertension, as the latter is known to enhance Ca 2+ responsiveness. The and deserves further investigation.
One of the obvious findings consistent with that prolonged duration of relaxation may be a result of impaired sarco(endo)plasmic reticulum ATPase observed at the multicellular level was prolonged duration of shortening (TPS) and relengthening (SERCA) and/or other Ca 2+ regulating proteins such as Na + /Ca 2+ exchange, which has been reported in (TR 90 ) in diabetes, hypertension or diabetic hypertension (although TPS was normal in hyperboth diabetes and hypertension. 29, 31 Several factors may be considered for the lack of additive/synertension). Several factors have been suggested to contribute to the prolonged duration of contraction gistic response on the duration of contraction and relaxation under concomitant diabetes and hyperand relaxation. Compromised cardiac contraction has been associated with a shift in myosin isozymes tension. Firstly, the cardiac Ca 2+ regulating proteins such as SERCA and Na + /Ca 2+ exchange contribute from the fast type (V 1 , -MHC) to the slow type (V 3 , -MHC) in diabetes. 31 The myosin isozyme shift was predominantly to the duration of contraction and relaxation, whereas cardiac contractile proteins reported to contribute to desensitization in Ca 2+ sensitivity in cardiac myocytes. 32 In the present actin, myosin and titin determine predominantly the cross-linking machinery and therefore the constudy, the myocyte shortening in response to in-
